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Abstract 
Powerline communication (PLC) is one of the 
alternate access and in-house technologies to 
deliver broadband services.  Since the powerline 
infrastructure is ubiquitously deployed in major 
parts of the world including rural regions, the PLC 
service provision would be the best solution to 
solve the digital divide problem and to reach all 
communities with broadband access.  However, 
the current PLC solution based on OFDM 
technology has still not solved technical challenges 
with respect to electromagnetic (EM) radiation 
and coexistence issues. The POWERNET project 
addresses these technical challenges and proposes 
a new, cognitive broadband over powerline 
(CBPL) technology using multi-carrier modulation 
based on lapped transform. It provides peer-to-
peer communication and delivers higher data rates 
at low electromagnetic (EM) radiation.  This 
paper describes the key features of the new 
technology and reports on the results of the first 
field trials.
Introduction 
With the liberalization of the telecom sector and 
introduction of IP networks and services, the 
number of service providers has been increased 
many-fold, bringing a lot of benefits to customers 
in terms of advanced services and cost reduction. 
Thereby, it has been proven that the 
telecommunication infrastructure is a dominating 
driving factor in improving the economy of a 
country. It plays a major role in developing the 
personal skills within a country.  Intelligent home 
is becoming part of this evolution with eGov, 
eEducation and eHealth services delivered to the 
home on broadband networks.  However, the 
‘broadband for all’ concept remains at large, due 
to European demography.  The main bottleneck in 
providing these services to the users is to have 
proper broadband access networks to reach their 
premises.  The urban areas are well covered by 
copper wire (DSL, cable, etc.) from the incumbent 
operators. The semi-urban and rural areas 
however have often limited broadband services 
since these areas are not within their deployment 
strategy. Broadband over powerline (BPL) 
communications employing the electricity 
distribution network is an appealing approach to 
improve this situation.  The power grid, i.e. the 
electricity distribution network, reach almost 
100% of the population in developed and most of 
the developing countries. The ubiquity of the 
powerline infrastructure can therefore be used to 
overcome the ICT divide problem, as only 
appropriate technology has to be devised and 
implemented to provide broadband 
communication. In this way, customers 
everywhere around the country, independent of 
their location will have broadband services.  
 Powerline communication has however so far 
failed to meet the expectations of delivering high 
data rates and services with QoS for different 
reasons: high electromagnetic (EM) radiation, 
coexistence problems with other users in the same 
frequency channel. The already allocated 
frequency bands must be notched out and this 
must be done efficiently in order not to waste 
bandwidth and data rate.  There are number of 
solutions developed and few products are 
commercially available on the market.  However 
all these products have limitations: EM radiation is 
usually high and they are not providing the 
notching capability needed to achieve high data 
rates. 
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 This paper presents the new CBPL technology 
that is being focused on in the POWERNET 
project [1] with the goal to make the broadband 
powerline communications a reality and thus 
bridging the ICT divide. 
Objectives of POWERNET Project 
The goal of the POWERNET project is to devise 
and validate a CBPL technology that meets user 
expectations of reliable broadband 
communication, and complies with the limits given 
by the regulatory authorities regarding allowed 
electromagnetic (EM) radiation.   
The cognitive concept applied is based on the 
multi-carrier modulation system [2], [4], in which 
the spectrum is divided into multiple frequency 
bands, and a particular frequency band is used for 
communications after analysing the line 
characteristics and thus choosing the best channel 
for high data rate communication.  To keep the 
EM radiation as low as possible, peer-to-peer 
communication principles are used in contrast to 
the classical master-slave mechanism.  Through 
this technique the transmit PSD needed to reach a 
particular node from a hub station is considerably 
reduced therefore leading to electromagnetic 
(EM) radiation levels which are within the limits 
defined by the regulatory authorities. 
Technology issues 
 Most of the PLC equipment on the market 
relies on master-slave communications.  The 
master has to communicate with all slave devices 
in order to allow them to register and ask for 
transmission permission.  The transmit power of 
the master has therefore to be high enough to 
reach all the slaves.  High transmit power levels 
lead to high EM radiation.  If an additional master 
is needed to increase the data rate, the new master 
has to be synchronized to the master already in 
use; otherwise they are going to interfere with 
each other.  
Broadband over powerline communication is using 
the HF frequency band (from 1.8 MHz to 30 
MHz) divided as follows [3]: 
• Access PLC:  from 1.8 MHz to 12 MHz  
• In-House PLC:  from 13 MHz to 30 MHz  
The coexistence requirement to comply is not to 
disturb other users in this frequency band.  These 
are military, police and amateur radio users, but 
also other powerline communication users.  
The technical challenges are:  
1. Keep the electromagnetic (EM) radiation as 
low as possible. 
2. Achieve the notching required for coexistence 
in a bandwidth-efficient way. 
3. Provide adaptive techniques to deal with the 
time-varying nature of the environment. 
Cognitive Broadband over Powerline (CBPL) 
 Because the cables used for electric energy 
distribution have not been optimized for data 
transmission in the HF frequency bands, the path 
loss is high.  Increasing the transmit power to 
compensate, will result in higher EM radiation.  
The CBPL technology has therefore means to 
discover and adapt itself to the given environment 
in order to be able to use low the transmit PSD 
and provide high data rates. 
The best way to ensure coexistence is to use a 
multi-carrier modulation technique that provides 
the ability to switch off subcarriers within 
frequency bands allocated to other users.  The 
transmit power leakage from the PLC equipment 
in the allocated frequency bands must be low to 
avoid interference.  In order to achieve high 
bandwidth efficiency, the stop-band attenuation of 
the digital filter banks used for multi-carrier 
modulation must be high.  This is the case in 
cognitive BPL (CBPL) technology.  
The key features of the technology are: 
1. The CBPL technology employs frequency 
division multiplexing (FDM) instead of time 
division multiplexing. 
2. It uses digital filter banks (DFB) to 
implement bandwidth-efficient notching of 
frequency bands allocated to other users.  
3. It has a robust synchronization working at 
low SNR. 
4. It provides parallel, asynchronous peer-to-
peer communication. 
5. It ensures efficient utilization of the 
available frequency band by using adaptive 
(cognitive) techniques. 
Figure 1 highlights an intrinsic feature of the 
CBPL technology in comparison with OFDM 
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technology: its frequency agility through FDM 
techniques
Figure 1  Frequency agility of the CBPL technology
As illustrated in Figure 2, the CBPL technology 
provides the facility to segment the frequency 
band of 1.6 MHz to 30 MHz into several channels 
selected in accordance with the QoS requirements 
needed. 
Figure 2  Partitioning the frequency channel 
Figure 3 illustrates the notching capabilities of 
the CBPL technology.  The spectrum shown has 
been measured during standard CBPL 
communication using a transmit PSD of -66 
dBm/Hz and a channel bandwidth of 2 MHz.   
Figure 3  Transmit spectrum notches (30 dB) of 125 kHz 
(during normal operation) 
Figure 4 shows how through its robust 
synchronization, the CBPL technology allows data 
communication at the noise floor.
Figure 4  Parallel asynchronous communications at the 
noise floor  
Figure 5 illustrates the difference of using 
lapped transforms [5] used in the CBPL system 
compared to the commonly employed block 
transform.  Using a block transform, Cycle Prefix 
NCP and Windowing NW are necessary to improve 
the notching offered by OFDM [6]. 
Figure 5  Commonly used block transform with cycle prefix 
& windowing and CBPL  
The CBPL technology is using FDM techniques 
and allows simultaneous parallel communications 
over several channels.  Therefore, the aggregate 
data rate must be considered when comparing its 
performance with alternative technologies using 
the whole frequency band. The data rate of each 
channel must be added to obtain the aggregate 
data rate.  The achievable aggregate data rate is 
dependent on the SNR, i.e. on the channel used, as 
shown in Figure 6.  
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Figure 6  The aggregate data rate of FDM 
according to  Claude Shannon
System overview 
The CBPL Demonstrator Unit has a modular 
architecture as shown in Figure 7.  It is based on 
four printed circuit boards (PCBs): 
• The CPU board running a Linux kernel and 
providing general functions to operate and 
control the CBPL Demonstrator Unit.  It 
interfaces to the Ethernet LAN and the DSP 
board. 
• The DSP board implements the interface to the 
powerline. All time-critical operations are 
programmed in VHDL code on two FPGAs.  
The DSP board interfaces to the CPU for data 
transfer to the LAN and through the ADC and 
DAC devices to the analog front end (AFE) 
board.   
• The AFE board is handling all relevant analog 
signals for the transmission and reception path.  
Amplifiers, various band-pass and low-pass 
filters, a mixer section with a numerical 
oscillator and hybrid block are located on this 
board.   
• The PS board converts 110V/220V AC power 
into the required DC voltages and also couples 
the HF signal into the electricity distribution 
network.  The board has two couplers for 
interfacing to two AFE boards. 
Figure 7  System overview of CBPL Demonstrator 
Unit  
Cognitive Techniques 
The cognitive techniques implemented in the 
CBPL Demonstrator Unit can best be explained 
using the state diagram in Figure 8: 
1. In Search mode, the transmitter listens if the 
channel selected is occupied. In this way, the 
users already present in the frequency band are 
discovered and their allocated frequency bands 
can be avoided.  
2. If the channel selected is not occupied, the 
transmitter sends a training. sequence to allow 
the receiver to synchronize. 
3. If the synchronization between transmitter and 
receiver is established, the equalizer 
coefficients are computed (Training mode) 
4. The SNR per subcarrier at the receiver is then 
measured. 
5. The same steps are carried out from the 
receiver side to determine the SNR per 
subcarrier for the reverse direction. 
6. The procedure delivers a table of usable 
channels together with the calculated SNR per 
subcarrier in each direction (for bit allocation 
to use in Data mode). 
In order to operate at a low SNR level which is 
required to extend the coverage of the CBPL 
technology, it is important that the AFE has a high 
sensitivity, linearity and a large dynamic range.  
The AFE designed using “off-the-self” 
components has been employed to validate the 
CBPL technology in the first field trials.  
The AFE’s functionality is being designed into an 
analog ASIC (called AFE ASIC) to further 
improve the performance of the CBPL 
Demonstrator Units and to reduce their 
manufacturing costs. 
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Figure 8  Cognitive channel selection state machine  
 Figure 9  Assembled PCBs (without housing) 
Key Features of the CBPL technology 
Master-Slave and Peer-to-Peer communications 
 In a master-slave communication environ-
ment, the slave has to register with the master and 
the master has to ask the slave periodically if it has 
data to send. The master is the coordinator of the 
communication environment.  The drawback of 
this technique is that the transmit PSD of the 
master must be high enough to reach the most 
distant slave. 
Peer-to-peer communication operates asynchro-
nously, without coordination.  If a CBPL Demon-
strator Unit wants to communicate with another 
CBPL Demonstrator Unit, it will listen first and if 
the channel is free, will transmit directly to the 
other CBPL Demonstrator Unit. The neighbour-
hood network list is distributed during joining 
(when the CBPL Demonstrator Unit joins the 
local powerline network). 
Peer-to-Peer communications 
 To be able to establish peer-to-peer 
communication with another CBPL Demonstrator 
Unit, the transmitting CBPL Demonstrator Unit 
uses a distributed neighbourhood list.  This list is 
forwarded during the initial phase when a new 
CBPL Demonstrator Unit joins the network and is 
updated at regular intervals.  Collisions are 
avoided by listening on the channel before 
transmitting. When the channel being considered is 
occupied, a default channel is selected.  The 
receiving CBPL Demonstrator Unit will inform the 
initiating CBPL Demonstrator Unit about the path 
loss measured and confirm if the channel can be 
used or propose another channel. 
Cognitive aspects 
 The word “Cognitive” means apprehending by 
understanding and discovering. The CBPL 
Demonstrator Unit adapts itself to the 
environment to achieve the maximum possible 
data rate at a low transmit PSD.  In this way the 
CBPL Demonstrator Unit learns its 
neighbourhood.  It determines before 
transmission, if the link is available for use.  If a 
channel is occupied, it will select an alternative 
channel. Depending on the channel path 
characteristics the CBPL Demonstrator Unit will 
use a transmit PSD tailored to the path loss. 
DFB and spectrum sculpting 
 It is important to ensure coexistence by 
notching out the frequency bands allocated to 
other users.  In order to avoid thereby bandwidth 
wasting, notching must be bandwidth efficient.  By 
using a digital filter bank (DFB) which provides 
high stop-band attenuation, bandwidth-efficient 
notching can be realized simply by switching off 
the frequency bands allocated to other users.  In 
this way, high data rate communications can be 
achieved without additional windowing. 
Synchronization technique 
 In order to initially establish reliable 
communications between the sending and the 
receiving CBPL Demonstrator Unit, both must be 
able to synchronize at low SNR.  This is required 
in order to be able to exchange initial handshake 
messages to identify usable channels.   
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Neighbour discovery 
 When joining the CBPL network, the CBPL 
Demonstrator Unit sends out a “Hello” message.  
The neighbour CBPL Demonstrator Units will 
answer with their list of discovered neighbours 
and how to reach them.   
Latency issues 
 In a master-slave communication scheme the 
slave is required to wait for permission from the 
master before sending.  The master will 
periodically poll the slave to establish if it has data 
to send and also to decide about the transmission 
priorities.  This polling scheme can take a long 
time and leads to inherent latency.    
In peer-to-peer communications, the CBPL 
Demonstrator Unit will transmit if the channel is 
free.  If not, it will select a default channel.  
Therefore, the access is determined by the 
listening time only and the latency is considerably 
lower than in master-slave communication. 
System design and performance tests  
The POWERNET project has foreseen a 
comprehensive system test of the CBPL Demons-
trator Units with the goal to verify that the 
targeted key features are performing as 
anticipated.  
System design 
 As shown in Figure 7, the POWERNET 
Demonstrator Unit has a modular architecture 
comprising of the four boards described in the 
system overview.  Figure 9 shows how these 
boards are assembled. The mechanical 
specifications of the housing are according to 
DIN43 857, Part 2 for ease of installation and 
conformity with electrical installation norms. 
Field trials 
The field trials were made on the MV and LV 
electricity distribution network of the city of 
Neuchâtel. Figure 10 shows the MV links 
employed in the tests. In all cases certified 
capacitive MV couplers have been used. 
Fig. 10  MV links employed in the tests 
Tests over LV Power Distribution 
 The goal of these LV field trials was to verify 
that multiple CBPL communications can coexist 
when operating over the same LV power 
distribution network. 
For the tests three CBPL Demonstrator Units were 
placed in the MV/LV transformer station to 
communicate with three separate CBPL 
Demonstrator Units each placed in separate house 
basements and installed at the 220V power fuse 
and junction box areas.  
The results obtained have shown that the three 
asynchronous communication paths experienced 
no mutual interference and that the EM radiation 
didn’t increase when they were operational. 
Coexistence Tests at CPLN 
The tests have been carried out in a school 
environment (Centre professionnel du littorale 
Neuchâtelois: CPLN). The set-up used is shown in 
Figure 11.  
Fig. 11   Coexistence tests at CPLN 
The four CBPL-based LANs were working in 
all class rooms using a transmit PSD of                   
-60dBm/Hz. No interference between the 4 LANs 
was observed. 
Case Distance  Type Station A Station B 
Average length 375m Urbain Salons ouest 0068 Sablons Est 0082 
Long length 1280m Urbain Comba-Borel 0046 Cassebras 0024 
Very long length 2134m Rural La coudre 0124 Chaumont Gd Hôtel 0132 
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The EM radiation has been measured while the 
4 CBPL-LANs were in operation.The measure-
ments at CPLN had to be carried out at 1,2 meters 
(not at 3 meters) from the nearest CBPL 
transmitter and a corresponding correction 
measurement results was necessary.  
As shown in Figure 12, the 4 CBPL-LANs didn’t 
increase the EM radiation prior to switch on the 4 
CBPL-LANs being active.  
Figure 12  EM radiation with the coexistence test at CPLN
The EM radiation shown in Figure 12 remains 
below the noise floor (the EM noise measured 
when the CBPL LANs were not active) even after 
the measured distance corrections were made (the 
measured noise is the same at 1.2 meters and 3 
meters). 
Notching capabilities
 The system tests have confirmed the 
bandwidth-efficient notching capabilities of the 
CBPL technology. An example is given in Figure 
13 where the notching capability of both OFDM 
and CBPL technologies are compared . 
   Figure 13  Notching capabilities of OFDM and CBPL   
technologies 
Performance Measurements 
During the system tests conducted the 
achievable data rates (payload) have been 
measured at different frequencies using a channel 
of 2 MHz bandwidth. Figure 14 shows the 
transmit PSD used and the measured payload. 
The aggregate PHY data rate can be derived 
from the payload measured by using the relation (a 
factor of 4) between payload and PHY data rate as 
in OFDM [8]. 
Figure 15 shows the PHY data rates obtained 
by multiplying by a factor of 4 the aggregate 
payload. The aggregate payloads have been 
themselves calculated from the measured payloads 
when using channels of 2 MHz bandwidth by 
considering a channel having a bandwidth of 2 
MHz to 30 MHz. The BER measured during the 
system tests using an inner code only (Trellis Code 
Modulation) and the BER obtained through the 
use of a concatenated inner and outer code (Reed-
Salomon) are also given.  
OFDM notching capability [7] Notching capability of CBPL 
Frequency  
(MHz)
Bandwidth 
(MHz)
Bitloading TransmitLevel
(dBm/Hz)
SNR BER BPS 
(Mbps)
4 2 3 -60 19-20 5.00E-05 4.16
8 2 3 -60 16-21 4.00E-05 4.16
11 2 3 -70 18-21 3.00E-06 4.16
15 2 3 -66 13-17 4.00E-03 4.16
17 2 3 -66 20-20.5 1.00E-06 4.16
19 2 3 -66 15-17 3.00E-05 4.16
20 2 3 -66 15-17 4.00E-04 4.16
22 2 3 -66 15-17 8.00E-04 4.16
23 2 3 -70 18-19.5 1.00E-04 4.16
25 2 3 -70 17 4.00E-04 4.16
26 2 3 -70 17 7.00E-04 4.16
27 2 3 -70 18 1.00E-03 4.16
28 2 3 -70 16 5.00E-03 4.16
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Figure 15   PHY data rates, payload and BER performance  
Ongoing activities 
Further development work is in progress aimed 
towards improving the performance of the CBPL 
Demonstrator Unit by designing an analog ASIC 
with the major functionalities of an analog front 
end (AFE) and will be integrated into the final 
CBPL Demonstrator Units during  Phase 2 of the 
project. New field trials will be carried out in 
January 2008. 
The availability of an analog ASIC is important to 
further improve the performance of the CBPL 
Demonstrator Units and reduce their 
manufacturing cost. This is required to be able to 
build a larger number of CBPL Demonstrator 
Units needed for new field trials.  The 
specifications of the analog ASIC have been 
defined to optimize the CBPL technology.  It has 
been shown that conventional BPL receiver 
architectures, typically designed for TDM systems, 
are not well suited for FDM systems [9].  Besides 
improving the dynamic range and resistance to 
interference, the AFE ASIC doubles the 
bandwidth of the system up to 60MHz. The layout 
of the AFE ASIC is shown in Figure 16.  
Figure 16  Layout of the AFE ASIC 
Conclusions 
The POWERNET project is addressing the 
technical challenges of powerline communication 
and its goal is to investigate if the cognitive BPL 
technology can contribute to realize the 
“Broadband for All” concept.   
The proposed CBPL technology, using new 
modulation and cognitive techniques has been 
tested by simulation and implemented in hardware 
and software for validation in the filed. The 
technology is based on a multi-carrier modulation 
using digital filter banks (DFB) to provision 
bandwidth-efficient notching. Most efficient use of 
the frequency channel is achieved through the 
channel selection algorithm, i.e. through an 
analysis of the channel characteristics employing 
cognitive concepts. Through the use of 
asynchronous peer-to-peer communication, the 
transmit PSD can be reduced leading to low EM 
radiation.   
The system design has been completed and the 
CBPL Demonstrator Units have been built.  The 
first field trials have given encouraging results 
anticipating the success of CBPL technology-
based access and in-home communications. The 
new broadband technology using the ubiquitous 
powerline infrastructure is a potential solution to 
bridge the ICT divide between the urban and rural 
areas. 
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TPSD 
(dBm/Hz)
Frequency 
(MHz)
BandW idth 
(MHz)
Data Rate 
(Mbps)
BER Aggregate 
Payload data 
rate (Mbps)
Aggregate 
Phy data rate 
(Mbps)
BER with 
Reed 
Solomon
-70 11 2 4.16 3.00E-06 58.24 232.96 1.00E-10
-66 17 2 4.16 1.00E-06 58.24 232.96 1.00E-10
-70 23 2 4.16 1.00E-04 58.24 232.96 1.00E-10
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